The axial fan blades used in underground mines are usually manufactured in AlSi12CuMgNi alloy (EN AC 48000). They must have a high mechanical strength to withstand the stresses resulting from the rotation speed of the rotor and a high resistance to erosive wear caused by suspended particles from underground mining and transport operations. The aim of this paper is to determine the most suitable thermal treatment to simultaneously improve their mechanical strength and erosive wear resistance. To this end, two solution treatments at 525 • C with cooling in water were analysed, as well as several ageing times at 170 • C. The crystalline phases present in the as-cast state were quantified by X-ray diffraction following quenching and different ageing processes. Furthermore, erosion wear resistance was measured by means of compressed air blasting with corundum particles according to ASTM G76 (2004). The highest wear resistance was obtained in the as-cast state using gravity die casting, with the presence of Al 4 Cu 2 Mg 8 Si 7 and Al 3 CuNi. This wear resistance was higher than that obtained after the ageing treatment. However, a trade-off between mechanical strength and wear resistance was observed after 12 h ageing, where the hardness obtained exceeded 160 HV and the wear resistance became similar to that obtained in the as-cast state.
Introduction
Axial fan blades used to ventilate underground mines can be manufactured in aluminium alloys using the gravity die casting technique. These fans enable the supply of fresh air and the extraction of dust and gases resulting from underground operations, such as blasting and the mining, loading, and transport of ore. The required amount of air flows and, hence, the consequent size of these fans depend on three major factors: the concentration of solid airborne particles, the temperature of the air, and the presence of gases which may be flammable or harmful to health [1] . The orientation of the blades and the rotation speed of the rotor have a significant influence on the air flow and the performance of the fan [2] . Besides withstanding the stresses resulting from the rotation speed of the rotor, the fan blades must present a high resistance to erosive wear caused by suspended particles. Figure 1 shows the blades of a fan subjected to erosive wear. Therefore, the material from which the fan blades are manufactured is required to be light, have high mechanical strength and high wear resistance. Age-hardenable Al-Si alloys can be used for this purpose; these alloys have good castability due to the presence of a eutectic constituent. Al-Si alloys can be alloyed with Cu and Mg to promote their structural hardening by thermal treatment, rendering their use more favourable in applications with high structural requirements [3] . The thermal treatment consists of three stages. In the first stage, a solution treatment is used to dissolve the phases containing Cu and Mg and remove any interdendritic segregation. Spheronisation and thickening of the eutectic Si also occurs during the first stage [4, 5] . In the second stage, the alloy is cooled in water to maintain the aforementioned elements in supersaturated solid solution (quenching). In the third stage, an ageing treatment is used to precipitate intermediate transition phases with a coherent interface from the matrix, thus hardening the alloy. The main intermediate transition phases of these alloys are the β"(stable β phase: Mg 2 Si), θ" (stable θ phase: CuAl 2 ), and Q" (stable Q phase: Al 5 Mg 8 Si 6 Cu 2 ) phases [6, 7] . However, it should be noted that the presence of the Q phase can be greatly reduced due to the more favourable tendency to form the β phase [8] . The temperatures used in the artificial ageing of these alloys fall within the 150-210 • C range [6] . Following quenching, the material presents a high level of supersaturation and a high density of voids that favour the rapid formation of Guinier-Preston (GP) zones [9] . Transition phases nucleate from these clusters which, despite the existence of elastic stresses induced by the difference in size between the atoms of the solvent and those of the solute, maintain coherent interfaces with the matrix thanks to their nanometric size. Due to the diffusion of the solute atoms, these precipitates can dissolve or increase in size until the interfacial bond is broken, giving rise to incoherent interfaces with the matrix [10] . The increase in strength is conditioned by the size, distribution, and coherence with the matrix of these precipitates [6] . The aim of this paper is to determine the most suitable heat treatment for AlSi12CuMgNi (EN AC 48000) alloy, used in the manufacture of fan blades for underground mines, to achieve high mechanical strength and high erosive wear resistance. This alloy presents excellent castability and can be hardened by means of ageing. The blades manufactured in this alloy are usually used in the as-cast state, however, their strength could be improved by means of adequate solution treatment and ageing. To this end, were studied two solution treatments at 525 • C and several ageing times at 170 • C, and the resulting hardness profiles were determined, specific erosive wear tests were carried out by means of blasting with corundum particles, and the results were correlated with the microstructure of the material. Table 1 shows the chemical composition of the AlSi12CuMgNi material. Samples of this material were subjected to solution treatments at 525 °C, and then cooling in water at 12 °C. The analysed dwell times were 4 and 10 h. Subsequently, several ageing treatments were performed at 170 °C, with different ageing periods between 4 and 30 hours. Vickers Hardness (HV) was obtained under the application of a 0.2 kp load. The results correspond to the mean value obtained from 10 indentations in each specimen. The erosion wear resistance was measured by means of compressed air blasting with corundum particles according to ASTM G76 [11] , and applying a pressure of 4 bar, a flow rate of 200 g/min, and a 30° angle of incidence on the sample surfaces. Five repetitions were performed in each test. Metallographic inspection was carried out by means of optical microscopy and scanning electron microscopy (SEM). The optical microscope employed was a NIKON Epiphot 200 (Nikon, Tokyo, Japan) and the scanning electron microscopy employed was a JEOL JSM-5600 (JEOL, Nieuw-Vennep, The Netherlands). A semi-quantitative analysis of the main elements present in the precipitated phases was carried out by energy dispersive X-ray (EDX) microanalysis. Preparation of the metallographic samples was carried out via the process of cutting with a SiC disc, cold drawing in plastic resin, roughing on SiC paper using different sizes of abrasive grain, from grit 240 to 600, and, finally, polishing with textile cloths spread with 6 and 1 micron diamond paste and lubricant. X-ray diffraction (XRD) was used to identify and quantify the crystalline phases present in the as-cast state, after the solution treatments at 525 °C and after aging at 170 °C. A Cu ceramic tube located in the fixed primary arm was used as a focus to produce X-rays, operating under 45 kV × 40 mA working conditions. A Ni filter maximized the Kα doublet (1.540598-1.544426 Å) of the Cu anode. The recordings were made in continuous mode over the 2θ range between 10 and 140° employing an angular step and count time of 0.0131° and 20 s, respectively. The generalized reference intensity ratio method (RIR) was used to estimate the weight fraction of the crystalline phases by means of semi-quantitative analysis [12, 13] . Table 1 shows the chemical composition of the AlSi12CuMgNi material. Samples of this material were subjected to solution treatments at 525 • C, and then cooling in water at 12 • C. The analysed dwell times were 4 and 10 h. Subsequently, several ageing treatments were performed at 170 • C, with different ageing periods between 4 and 30 hours. Vickers Hardness (HV) was obtained under the application of a 0.2 kp load. The results correspond to the mean value obtained from 10 indentations in each specimen. The erosion wear resistance was measured by means of compressed air blasting with corundum particles according to ASTM G76 [11] , and applying a pressure of 4 bar, a flow rate of 200 g/min, and a 30 • angle of incidence on the sample surfaces. Five repetitions were performed in each test. Metallographic inspection was carried out by means of optical microscopy and scanning electron microscopy (SEM). The optical microscope employed was a NIKON Epiphot 200 (Nikon, Tokyo, Japan) and the scanning electron microscopy employed was a JEOL JSM-5600 (JEOL, Nieuw-Vennep, The Netherlands). A semi-quantitative analysis of the main elements present in the precipitated phases was carried out by energy dispersive X-ray (EDX) microanalysis. Preparation of the metallographic samples was carried out via the process of cutting with a SiC disc, cold drawing in plastic resin, roughing on SiC paper using different sizes of abrasive grain, from grit 240 to 600, and, finally, polishing with textile cloths spread with 6 and 1 micron diamond paste and lubricant. X-ray diffraction (XRD) was used to identify and quantify the crystalline phases present in the as-cast state, after the solution treatments at 525 • C and after aging at 170 • C. A Cu ceramic tube located in the fixed primary arm was used as a focus to produce X-rays, operating under 45 kV × 40 mA working conditions. A Ni filter maximized the Kα doublet (1.540598-1.544426 Å) of the Cu anode. The recordings were made in continuous mode over the 2θ range between 10 and 140 • employing an angular step and count time of 0.0131 • and 20 s, respectively. The generalized reference intensity ratio method (RIR) was used to estimate the weight fraction of the crystalline phases by means of semi-quantitative analysis [12, 13] . Figure 2 shows the microstructure obtained in the as-cast state (Figure 2a ) after solution treatment for 4 h (Figure 2b ) and after solution treatment for 10 h (Figure 2c ). In Figure 2a , it can be seen that the eutectic is modified [14] . Spheronisation of the Si and an increase in its size can be observed following solution treatment at 525 • C. Figure 2 shows the microstructure obtained in the as-cast state (Figure 2a ) after solution treatment for 4 h (Figure 2b ) and after solution treatment for 10 h (Figure 2c ). In Figure 2a , it can be seen that the eutectic is modified [14] . Spheronisation of the Si and an increase in its size can be observed following solution treatment at 525 °C. Error bars indicate the difference between the mean value of the hardness and the maximum and minimum hardness values. The hardness in the as-cast state was 120 HV. After the solution treatments, however, the hardness decreased to 91 HV for the 4h treatment and to 82 HV for the 10 h treatment. In both cases, there was a marked increase in hardness of up to 154 HV in the first 4 hours of ageing. Hardening then continued at a slower pace until reaching 164 HV, in both cases. When the solution treatment was 4 h the peak hardness was reached after 8 h of ageing. However, when the solution treatment was 10 h the peak hardness was reached after 10-12 h of ageing. In both cases, once the peak hardness was reached, a slight and gradual decrease in hardness occurred. The hardness in the as-cast state was 120 HV. After the solution treatments, however, the hardness decreased to 91 HV for the 4 h treatment and to 82 HV for the 10 h treatment. In both cases, there was a marked increase in hardness of up to 154 HV in the first 4 hours of ageing. Hardening then continued at a slower pace until reaching 164 HV, in both cases. When the solution treatment was 4 h the peak hardness was reached after 8 h of ageing. However, when the solution treatment was 10 h the peak hardness was reached after 10-12 h of ageing. In both cases, once the peak hardness was reached, a slight and gradual decrease in hardness occurred. Figure 2 shows the microstructure obtained in the as-cast state (Figure 2a) after solution treatment for 4 h (Figure 2b ) and after solution treatment for 10 h (Figure 2c) . In Figure 2a , it can be seen that the eutectic is modified [14] . Spheronisation of the Si and an increase in its size can be observed following solution treatment at 525 °C. The hardness in the as-cast state was 120 HV. After the solution treatments, however, the hardness decreased to 91 HV for the 4h treatment and to 82 HV for the 10 h treatment. In both cases, there was a marked increase in hardness of up to 154 HV in the first 4 hours of ageing. Hardening then continued at a slower pace until reaching 164 HV, in both cases. When the solution treatment was 4 h the peak hardness was reached after 8 h of ageing. However, when the solution treatment was 10 h the peak hardness was reached after 10-12 h of ageing. In both cases, once the peak hardness was reached, a slight and gradual decrease in hardness occurred. 7 are part of a non-equilibrium eutectic. The solution treatment disaggregates the said eutectic constituent, dissolving both phases and allows precipitation of equilibrium phases such as Mg 2 Si and Al 3 Ni. Furthermore, after solution treatment, the presence of crystalline clusters with a high concentration of Cu atoms is observed which, in minimal percentages (around 0.2%) could have been favourably formed by a high concentration of vacancies after quenching. This high concentration of Cu atoms could coincide with the GP zones [15] . The maximum proportion by weight of these crystalline clusters of Cu is obtained in both solution treatments after 8 h ageing. Subsequently, as ageing continues, these clusters tend to dissolve without the precipitation of any other intermediate transition phases that include Cu or Mg. The maximum percentage of Mg 2 Si reaches 2.8% after 10 h solution treatment and 8 h ageing. Figure 4 shows the microstructural evolution of the material from the as-cast state, following the solution treatments at 525 • C, and after ageing at 170 • C for 8, 12, and 24 h. The main precipitated crystalline phases are Si, Al 3 Ni, and Mg 2 Si. As the ageing times increase, the Al 3 Ni, Mg 2 Si and Si phases gradually dissolve. During ageing treatment, by diffusion through the matrix, these phases can dissolve and re-precipitate after long periods of time, with delayed kinetics [15] . This could be due to the compositional changes that occur in the alpha matrix. Figure 5 and Table 3 show the results of the semiquantitative analysis, obtained by EDX, on the main crystalline phases present in the as-cast state and after the dissolution treatments. Table 3 .Semi-quantitative analysis of the phases indicated in Figure 5 , carried out by energy dispersive X-ray (EDX) microanalysis (% in weight). Table 3 . Semi-quantitative analysis of the phases indicated in Figure 5 , carried out by energy dispersive X-ray (EDX) microanalysis (% in weight). Figure 6 shows the average values of the weight losses (mg) per minute observed during the erosion wear tests. It is concluded that the microstructure that performs best against erosive wear corresponds to the as-cast state. Among the aged microstructures, however, those that are aged for 12 h-in which a hardness higher than 160 HV is obtained-perform best against erosive wear. This increase in hardness allows for increased rotor rotation speed and, therefore, the required amount of air flow. The presence of intermetallic compounds like Al 4 Cu 2 Mg 8 Si 7 , and especially Al 3 CuNi, favour increased wear resistance [16, 17] . This wear resistance is superior to that obtained after the precipitation hardening of the α phase. 
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Conclusions
Axial fan blades used in underground mining, manufactured from EN AC 48000 alloy by gravity die casting, must have both a high mechanical strength to withstand the forces resulting from the rotation speed of the rotor and a high resistance to erosive wear caused by suspended particles from underground mining and transport operations. The microstructural state that offers greater resistance to erosive wear is the as-cast state using gravity die casting, wherethe intermetallic Al3CuNi phase dispersed in α phase has proven to increase the wear resistance to a higher level than that obtained after precipitation hardening. However, the highest mechanical strength is obtained after a 4 h solution treatment at 525 °C with rapid cooling in water and ageing at 170 °C for 8 h. In this case, the hardness obtained was 164 HV. After 12 h ageing, a trade-off between mechanical strength and wear resistance occurred, where the wear resistance was slightly lower than that obtained in the as cast state, but nevertheless, its hardness was increased to 160 HV.
From the microstructural point of view, it was found that: 
Axial fan blades used in underground mining, manufactured from EN AC 48000 alloy by gravity die casting, must have both a high mechanical strength to withstand the forces resulting from the rotation speed of the rotor and a high resistance to erosive wear caused by suspended particles from underground mining and transport operations. The microstructural state that offers greater resistance to erosive wear is the as-cast state using gravity die casting, wherethe intermetallic Al 3 CuNi phase dispersed in α phase has proven to increase the wear resistance to a higher level than that obtained after precipitation hardening. However, the highest mechanical strength is obtained after a 4 h solution treatment at 525 • C with rapid cooling in water and ageing at 170 • C for 8 h. In this case, the hardness obtained was 164 HV. After 12 h ageing, a trade-off between mechanical strength and wear resistance occurred, where the wear resistance was slightly lower than that obtained in the as cast state, but nevertheless, its hardness was increased to 160 HV.
From the microstructural point of view, it was found that:
1.
In the as-cast state, almost all the Mg is found in solid solution in the α phase, while the Cu is found as a precipitate in Al 3 CuNi and Al 4 Cu 2 Mg 8 Si 7 phases. These phases are part of a non-equilibrium eutectic. The solution treatment disaggregates said eutectic constituent, dissolving both phases, and allows for the precipitation of equilibrium phases such as Mg 2 Si and Al 3 Ni. 2.
The main precipitated equilibrium phases are Si, Al 3 Ni, and Mg 2 Si. As the ageing times increase, the Al 3 Ni, Mg 2 Si and Si phases gradually dissolve by diffusion through the matrix. Funding: This research received no external funding.
